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We examined the influence of dynamic thermal treatment (variation of cooling/heating 23 
rates) on the polymorphic crystallization and transformation pathways of 1-palmitoyl-24 
2,3-dioleoyl glycerol (POO), 1-stearoyl-2,3-dioleoyl glycerol (SOO), and 1-palmitoyl-25 
2-oleoyl-3-linoleoyl glycerol (POL), which are major saturated-unsaturated-unsaturated 26 
(SUU) triacylglycerols (TAGs) of vegetable oils and animal fats (e.g., palm oil, olive 27 
oil, and Iberian ham fat). Using mainly a combination of differential scanning 28 
calorimetry (DSC) and synchrotron radiation X-ray diffraction (SR-XRD), we analyzed 29 
the polymorphic behavior of TAGs when high (15 ºC·min
-1
), intermediate (2 ºC·min
-1
), 30 
and low (0.5 ºC·min
-1
) cooling and heating rates were applied. Multiple polymorphic 31 
forms were detected in POO, SOO, and POL (sub-, , ’2, and ’1). Transient 32 
disordered phases, defined as kinetic liquid crystal (KLC) phases, were determined in 33 
POO and SOO for the first time. The results demonstrated that more stable forms were 34 
directly obtained from the melt by decreasing the cooling rates, whereas less stable 35 
forms predominated at high cooling rates, as confirmed in our previous work. 36 
Regarding heating rate variation, we confirmed that the nature of the polymorphic 37 
transformations observed (solid-state, transformation through KLC phase, or melt-38 
mediation) depended largely on the heating rate. These results were discussed 39 
considering the activation energies involved in each process and compared with 40 
previous studies on TAGs with different saturated-unsaturated structures (1,3-dioleoyl-41 
2-palmitoylglycerol, 1,3-dipalmitoyl-2-oleoyl-glycerol, trioleoyl glycerol, and 1,2-42 
dioleoyl-3-linoleoyl glycerol). 43 
 44 
Keywords: polymorphism, triacylglycerol, lipid, thermal treatment, synchrotron 45 
radiation, food product. 46 
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1. Introduction  47 
 48 
Lipids are major nutrients and are widely employed as lipophilic materials in 49 
food, pharmaceutical, and cosmetic industries.
1
 Triacylglycerols (TAGs) are the 50 
main components of natural and industrial fats and oils, and their polymorphism 51 
greatly influences the physical properties (e.g., morphology, rheology, texture, 52 
and melting) of lipid-based end products. In addition to the chemical nature of the 53 
fatty acid components (chain length, saturated/unsaturated, and cis or trans 54 
double bonds) and the connection of these fatty acids to the glycerol structure, the 55 
use of specific external factors
2,3
 strongly influences the polymorphic 56 









). In addition, applying dynamic temperature 58 
variations permits the monitoring and controlling of the polymorphic behavior of 59 
TAGs, with the aim of obtaining desired product characteristics. Many studies 60 
have been conducted to characterize the effects of dynamic temperature variation, 61 
since the kinetic properties of polymorphic crystallization and transformation of 62 
TAGs
10-16
 and more complex lipid samples
17-20
 are significantly influenced by 63 
cooling and heating rates. Recently, we reported on the effect of cooling rate on 64 
the polymorphic crystallization of unsaturated-saturated-unsaturated 1,3-dioleoyl-65 
2-palmitoyl glycerol (OPO)
11
 and the effects of varying both cooling and heating 66 
rates on the polymorphic crystallization and transformation pathways of 67 
saturated-unsaturated-saturated 1,3-dipalmitoyl-2-oleoyl (POP),
13
 triunsaturated 68 
trioleoyl glycerol (OOO), and 1,2-dioleoyl-3-linoleoyl glycerol (OOL).
14
 For that 69 
study, differential scanning calorimetry (DSC) and synchrotron radiation X-ray 70 
diffraction (SR-XRD) with small-angle (SAXD) and wide-angle (WAXD) 71 
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simultaneous measurements were used. These techniques enabled in situ 72 
monitoring of the occurrence of complex polymorphic transformation even when 73 
high rates (15 ºC/min) were applied. 74 
In the present study, we used SR-XRD and DSC to dynamically follow the 75 
polymorphic crystallization and transformation kinetics of 1-palmitoyl-2,3-76 
dioleoyl glycerol (POO), 1-stearoyl-2,3-dioleoyl glycerol (SOO), and 1-77 
palmitoyl-2-oleoyl-3- linoleoyl glycerol (POL), which are major saturated-78 
unsaturated-unsaturated (SUU) TAGs of lipid products (e.g., palm oil, olive oil, 79 
and Iberian ham fat).   80 
Some previous research focused on the polymorphic characteristics of these 81 
TAGs. Miura et al.
21
 studied the crystallization of POO and some POO:POP 82 
mixtures, as they play important roles in the formation of granular crystals in 83 
margarine. In addition, Zhang et al.
22
 determined the eutectic binary phase 84 
behavior of POP:POO in metastable and stable conditions, due to its practical 85 
importance in dry fractionation of palm oil. In these previous studies, only two 86 
polymorphic forms ( and ’) of POO were observed. Later, Zhang et al.
23
 87 
reported on the immiscible phase behavior of SOS:SOO binary mixtures, 88 
determining the presence of three SOO polymorphs (, ’2, and ’1). Recently, 89 
Baker et al.
16
 examined the effect of cooling rate on the polymorphism, thermal 90 
properties, and microstructure in symmetric and asymmetric TAGs containing 91 
stearic and oleic fatty acids (OSO and SOO). They observed that cooling rates 92 
have more limited effect on the phase behavior of asymmetric TAGs than on that 93 
of symmetric TAGs.  94 
In the present work, we applied different thermal treatments to TAG samples 95 
(changing cooling/heating rates from 0.5 ºC·min
-1
 to 15 ºC·min
-1
) to characterize 96 
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a higher number of polymorphs (sub-, , ’2, and ’1). To the best of our 97 
knowledge, this is the first time that POL polymorphism has been reported. 98 
Moreover, intermediate disordered phases, defined as kinetic liquid crystal (KLC) 99 
phases, were detected in POO and SOO. The presence of some ordering in the 100 
liquid state of TAGs has been widely discussed
24-26
 since Larsson first proposed 101 
the existence of liquid-crystal-like lamellae.
27,28
 Ueno et al.
29
 observed the liquid 102 
crystal phases of the smectic type in 1,3-distearoyl-2-oleoyl glycerol (SOS) using 103 
synchrotron radiation X-ray diffraction. 104 
Considering the results of the present study as well as those of our previous work, 105 
we can compare the influence of kinetic factors (e.g., cooling/heating rates) on 106 
the polymorphic behavior observed in TAGs with different saturated-unsaturated 107 
structures (OPO, POP, OOO, OOL, POO, SOO, and POL).  108 
 109 
2. Experimental  110 
 111 
Samples of POO, SOO, and POL were purchased from Tsukishima Foods 112 
Industry (Tokyo, Japan) and used without further purification (purity >99%). It 113 
should be noted that the samples were not enantiopure, as they consisted of the 114 
racemic mixture of corresponding enantiomers (R and S). 115 
DSC experiments were conducted at atmospheric pressure using both a Perkin-116 
Elmer DSC-7 and a Perkin-Elmer DSC Diamond. The DSC thermograms 117 
obtained by the two calorimeters were comparable. Samples (9.0 to 9.4mg) were 118 
weighed into 50l aluminum pans, and covers were sealed into place. Both 119 
instruments were calibrated with reference to the enthalpy and the melting points 120 
of indium (melting temperature 156.6 ºC; H 28.45J·g
-1
) and decane (melting 121 
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temperature -29.7 ºC; H 202.1J·g
-1
) standards. An empty pan was used as a 122 




 in 123 




 in the Perkin-Elmer DSC Diamond). 124 
Thermograms were analyzed using Pyris Software to obtain the enthalpy (J·g
-1
, 125 
integration of the DSC signals) and Tonset and Tend of the transitions (ºC, 126 
intersections of the baseline and the initial and final tangents at the transition). 127 
Before thermal treatments were selected, cooling and heating rate conditions 128 
were screened for POO, which was extrapolated to the SOO and POL. As we 129 
expected, the polymorphic behavior of the three TAGs was similar, due to their 130 
identical SUU structure. Thus, we carried out 16 thermal programs combining 131 






, and 0.5 132 
ºC·min
-1
; data not shown). Some of these experiment conditions were selected 133 
and more deeply characterized using SR-XRD or laboratory-scale XRD. POO, 134 
SOO, and POL samples were cooled from the melt (from 40 ºC to -80 ºC) and 135 
subsequently heated (from -80 ºC to 40 ºC) using the following rates: (1) cooling 136 
at 15 ºC·min
-1
 and heating at 15 ºC·min
-1
 and at 0.5 ºC·min
-1
,  (2) cooling at 2 137 
ºC·min
-1
 and heating at 2 ºC·min
-1
, and (3) cooling at 0.5 ºC·min
-1
 and heating at 138 
15 ºC·min
-1
. These conditions included high, intermediate and low cooling and 139 
heating rates. At least three independent measurements were performed for each 140 
experiment (n = 3). Random uncertainty was estimated with a 95% threshold of 141 
reliability using the Student’s t-distribution, which enables estimating the mean 142 
of a normally distributed population when the population is small.
2430
 A 143 
correction (described elsewhere
2531
) was applied for analyses with cooling or 144 
heating rates other than 2 ºC·min
-1
, since both calorimeters were calibrated at this 145 





SR-XRD experiments were performed at the beamline BL-9C of the synchrotron 147 
radiation facility Photon Factory (PF) of the High-Energy Accelerator Research 148 
Organization (KEK) in Tsukuba (Japan). A double-focusing camera was operated 149 
at a wavelength of 0.15nm. X-ray scattering data were simultaneously collected 150 
using Position Sensitive Proportional Counters (PSPCs) (Rigaku Co., PSPC-10) 151 
for small (SAXD) and wide (WAXD) angles. The SAXD pattern was used for 152 
determining the chain length structure of the TAG, and the WAXD pattern 153 
permitted us to identify the polymorphic forms.
 
Each temperature program was 154 
controlled using a Linkam stage LK-600. A 2mm-thick sample was placed in an 155 
aluminum sample cell with Kapton film windows. SR-XRD spectra were 156 
acquired at 30 or 60s intervals, depending on the cooling/heating rates used and 157 
the complexity of the thermal profile. 
 
158 
Laboratory-scale powder XRD was used for some experiment conditions using a 159 
PANalytical X’Pert Pro MPD powder diffractometer equipped with a Hybrid 160 
Monochromator and an X’Celerator Detector. The equipment also included an 161 
Oxford Cryostream Plus 220V (temperature 80 to 500K). This diffractometer 162 
operated with Debye-Scherrer transmission. The sample was introduced in a 163 
1mm-diameter Lindemann glass capillary. The latter was rotated about its axis 164 
during the experiment to minimize preferential orientations of the crystallites. 165 
The step size was 0.013º from 1.004º to 28º 2, and the measuring time was 166 







3. Results 172 
 173 
Table 1 summarizes the long and short spacings of the observed POO, POL, and 174 
SOO polymorphs. These values are in good agreement with those of previous 175 
studies.
21-23
  176 
 177 
Table 1. Long and short spacing values of the POO, POL and SOO polymorphs. 178 
POO 
 Long Spacing/nm Short Spacing/nm 
sub- 5.8   2.9 0.42   0.38 
 5.7   2.8 0.41 
KLC 6.0  
’2 6.7   3.2 0.43   0.41 
’1 6.7   3.2 0.47   0.46   0.45   0.43   0.41   0.40   0.39 
POL 
 Long Spacing/nm Short Spacing/nm 
sub- 5.7   2.8 0.42   0.38 
 5.6   2.7 0.41 
’2 6.3   3.1 0.42   0.38 
’1 6.4   3.1 
0.47   0.46   0.45   0.44   0.42   0.41   0.40   
0.39 
SOO 
 Long Spacing/nm Short Spacing/nm 
sub- 6.2   3.0 0.42   0.38 
 6.0   2.9 0.41 
KLC 6.7  
’2 7.1   3.4 0.43   0.41 
’1 6.9   3.3 0.47   0.45   0.43   0.42   0.41   0.40   0.39 
 179 
Chain length structures of sub- and  forms are double, and those for the two ’ 180 
forms are triple. Long spacings become much greater than those of POP and 181 
OPO, especially for double chain length structures, as the inclination angles 182 
toward the lamellar interface should be relatively small. KLC forms were formed 183 






3.1. Polymorphic characteristics of 1-palmitoyl-2,3-dioleoyl glycerol 188 
 189 
Table 2 presents DSC data (Tonset and H) of all the thermal treatments applied to 190 
POO. At high (15 ºC·min
-1
) and intermediate (2 ºC·min
-1
) cooling rates, the 191 
crystallizing polymorph was , whereas low rates (0.5 ºC·min
-1
) led to more 192 
stable forms (’2). With heating, the most stable form (’1) was obtained in all 193 
cases, but through different pathways depending on the rate used. 194 
 195 
Table 2. DSC data of crystallization and transformation of POO polymorphs obtained by cooling rates of 196 
(A) 15 ºC·min
-1
, (B) 2 ºC·min
-1
, and (C) 0.5 ºC·min
-1
 and different heating rates. The letters, c and m, in 197 
parentheses noting polymorph forms mean crystallization and melting. 198 
A Cooling Heating 





 (c)  → sub- sub- →   (m) ’2 (c) ’2 → ’1 ’1 (m) 
Tonset (ºC) -20.4 ± 0.4 -62.9 ± 0.5 -65.8 ± 0.5 -44.0 ± 2.1 -16.3 ± 0.4 -6.6 ± 0.6 12.5 ± 0.5 
H (J/g) -44 ± 1 -5 ± 1 9 ± <1 4 ± 1 -29 ± 1 -17 ± 2 111 ± 3 
   (0.5 ºC·min
-1
) 
   sub-a’1 ’1 (m)    
Tonset (ºC) 
  3.5 ± 2.3 
(Tend) 
12.4 ± 0.3    
H (J/g)   ___ 106 ± 21    
        






 (c)  → sub- sub-a’1 ’1 (m)    
Tonset (ºC) 
-11.3 ± 1.6 ___ -0.8 ± 3.7 
(Tend) 
13.5 ± 0.9    
H (J/g) -78 ± 2 ___ ___ 109 ± 8    
        






 ’2+’1 (c)  ’2 (m) ’1 (m)    
Tonset (ºC) 7.3 ± 1.3  -4.5 ± 4 14.4 ± 1.5    
H (J/g) -103 ± 4  1 ± <1 108 ± 5    
        
 199 
 200 
Figure 1 depicts the polymorphic behavior of POO when cooled at 15 ºC·min
-1
 201 
and heated at 15 ºC·min
-1
 and 0.5 ºC·min
-1




Fig. 1. Polymorphic behavior of POO. (a) Cooling at 15 ºC·min
-1
 and heating at 15 ºC·min
-1
. A. DSC 204 
thermogram. B. SR-SAXD pattern. C. SR-WAXD pattern. (b) Cooling at 15 ºC·min
-1
 and heating at 0.5 205 
ºC·min
-1
. A. DSC thermogram. B. SR-SAXD patern. C. SR-WAXD patern. 206 
 207 
When the molten POO sample was cooled at 15 ºC·min
-1
, the crystallizing 208 
polymorph was , with a long spacing of 5.7nm and a short spacing of 0.41nm. 209 
On further cooling, the SR-XRD peaks shifted from 5.7 to 5.8nm (SAXD pattern) 210 
and from 0.41 to 0.42nm (WAXD pattern), due to →sub- transformation. This 211 
sub- form was characterized by two WAXD peaks (a stronger one at 0.42nm 212 
accompanied by a weaker one at 0.38nm), which was not observed at high 213 
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cooling/heating rates but could be determined with other experiment conditions 214 
(see WAXD pattern in Fig. 1b). When POO was subsequently heated at 15 215 
ºC·min
-1 
(Fig. 1a), sub-→ transformation occurred at -65.8 ºC (Table 2A); 216 
according to SR-XRD, the SAXD peak at 5.8nm moved to 5.7nm, and the 217 
WAXD peak at 0.42nm shifted to 0.41nm. Here,  form melted at -44.0ºC and 218 
’2 form crystallized at -16.3 ºC, detected by the presence of the SAXD peak at 219 
6.7nm and two broad WAXD peaks at 0.43 and 0.41nm. Later, the DSC profile 220 
indicated an exothermic peak at -6.6 ºC, corresponding to a ’2→’1 transition. 221 
Simultaneously, new WAXD peaks appeared at 0.47, 0.45, 0.43, 0.41, and 222 
0.40nm; however, the SAXD peak at 6.7nm did not change. Finally, according to 223 
the DSC data, the most stable form (’1) melted at 12.5 ºC. The considerable 224 
width and the high enthalpy of the ’1 melting peak (111 J·g
-1
) may be the result 225 
of concurrent melting of both ’2 and ’1 forms that may have occurred due to the 226 
high heating rate used.   227 
In contrast, when the POO sub- form was heated at a low rate (0.5 ºC·min
-1
) 228 
(Fig. 1b), a series of complex thermal phenomena was observed in the DSC 229 
thermogram at a temperature range of -50 to 3.5 ºC (enlarged figure in Fig. 1b). 230 
Because the endothermic/exothermic nature of the DSC peaks could not be 231 
properly identified, only the Tend of this set of phenomena was determined (Table 232 
2A, in which the process is noted as sub-’1). Throughout this large 233 
temperature range, the SR-XRD data indicated that the SAXD peak at 5.8nm 234 
shifted to 6.0nm and its corresponding (002) reflection did not appear. Regarding 235 
the WAXD pattern, the typical peak of sub- form at 0.42nm vanished, and no 236 
diffraction peak was present. This disordered phase, having a single long spacing, 237 
could be interpreted as a KLC phase. This phase is characterized by a structural 238 
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periodicity of 6.0nm of lamellar distance but with no definite periodicity in lateral 239 
packing. The presence of some ordering in the liquid state of TAGs has been 240 
widely discussed
26-28
 since Larsson first proposed the existence of liquid-crystal-241 
like lamellae.
29,30
 Other studies that reported liquid crystal phases in other TAGs 242 
(e.g., 1,3-distearoyl-2-oleoyl glycerol (SOS)
2931
) defined them as a smectic LC. 243 
Many transitions were observed in this wide temperature range, and the sequence 244 
probably passed through some  form before the formation of KLC. Furthermore, 245 
the DSC data did not indicate any clear peak corresponding to KLC formation, as 246 
it was somehow overlapped in the complex set of phenomena in the temperature 247 
range corresponding to the sub-’1 transformations. Later, KLC transformed 248 
to ’2 form (presence of a SAXD peak at 6.7nm and two WAXD peaks at 0.43 249 
and 0.41nm); then ’2→’1 transition occurred. Thus, the typical SR-XRD peaks 250 
of ’1 forming at 0.47, 0.46, 0.45, 0.43, 0.41, 0.40, and 0.39nm were observed in 251 
the WAXD pattern. Finally, ’1 form melted at 12.4 ºC. 252 
Intermediate cooling and heating rates were also applied (2 ºC·min
-1
). The 253 
polymorphic behavior observed was the same as that obtained by cooling at 15 254 
ºC·min
-1
 and heating at 0.5 ºC·min
-1 





Fig. 2. Polymorphic behavior of POO when cooled at 2 ºC·min
-1
 ( crystallization) and heated at 2 258 
ºC·min
-1
. a) DSC thermogram. b) SR-SAXD pattern. c) SR-WAXD pattern. 259 
 260 
Hence, when cooling at 2 ºC·min
-1
, the DSC thermogram indicated an exothermic 261 
peak with a Tonset at -11.3 ºC corresponding to the  form crystallization 262 
(identifiable by a SAXD peak at 5.7nm and a WAXD peak at 0.41nm). 263 
Furthermore, the SR-XRD data indicated a shift from 5.7 to 5.8nm in the SAXD 264 
pattern and from 0.41 to 0.42nm in the WAXD pattern, due to the →sub- 265 
transformation, although no corresponding DSC thermal peak was observed. 266 
After POO was cooled at 2 ºC·min
-1
, it was heated at the same rate. Again, a 267 
complicated transformation process appeared in the DSC heating curve over a 268 
wide temperature range (-20 to -0.8 ºC). The SAXD pattern again indicated a 269 
single peak at 6.0nm and no WAXD peak was detected, corresponding to the 270 
KLC phase described above. Immediately afterwards, the ’2 form could be 271 
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identified by the presence of the SAXD peak at 6.7nm and two peaks at 0.43 and 272 
0.41nm in the WAXD pattern. Finally, ’2 form transformed to ’1 form, and the 273 
WAXD peaks shifted to 0.47, 0.45, 0.43, 0.41, 0.40, and 0.39nm. ’1 form melted 274 
at 13.5 ºC (Table 2B), with the H value of 109J·g
-1
. 275 
The polymorphic crystallization of POO was also studied at low cooling rates. 276 
Thus, the melted sample was cooled at 0.5 ºC·min
-1
 and heated at 15 ºC·min
-1
 277 
(Fig. 3).  278 
Conventional XRD could be carried out under these conditions, due to the 279 
simplicity observed in the DSC thermal profile.  ’2 and ’1 forms crystalized 280 
concurrently at 7.3 ºC (Table 2C).  281 
 282 
Fig. 3. Polymorphic behavior of POO when cooled at 0.5 ºC·min
-1
 ('2 + '1 crystallization) and heated at 283 
15 ºC·min
-1




The XRD pattern exhibited a peak at 6.7nm in the small-angle region and three 286 
peaks in the wide-angle XRD region at 0.45nm (corresponding to ’1 form), and 287 
0.43 and 0.41nm (’2 form). On heating, the DSC curve exhibited a weak and 288 
broad melting peak with Tonset at -4.5 ºC. In the same temperature range, the XRD 289 
patterns indicated more defined ’1 peaks (0.47, 0.45, 0.43, 0.41, and 0.39nm); 290 
thus, this broad DSC peak was probably due to some ’2 melting, some ’2→’1 291 
transition, or a combination of the two. Finally, only ’1 form was present, and it 292 
melted at 14.4 ºC.  293 
 294 
3.2. Polymorphic Characteristics of 1-palmitoyl-2-oleoyl-3-linoleoyl glycerol 295 
 296 
1-palmitoyl-2-oleoyl-3-linoleoyl glycerol (POL) was subjected to the same 297 
thermal treatments, and the polymorphic behavior was similar to that of POO. 298 
Table 3 presents Tonset and H values of the phenomena observed in the 299 












Table 3. DSC data of crystallization and transformation of POL polymorphs obtained by cooling rates of 310 
(A) 15 ºC·min
-1
, (B) 2 ºC·min
-1
, and (C) 0.5 ºC·min
-1
 and different heating rates. The letters, c and m, in 311 
parentheses noting polymorph forms mean crystallization and melting. 312 






 (c)  → sub- sub- →   (m) ’2 (c) ’2 → ’1 ’1 (m) 
Tonset (ºC) 




-16.1 ± 1.7 -12.6 ± 2.3 -5.6 ± 2 8.8 ± 2.2 
H (J/g) -45 ± 2 -1 ± 1 2 ± 1 22 ± 4 -85 ± 18  97 ± 8 
   (0.5 ºC·min
-1
) 
   sub- →  → ’2 ’2 → ’1 ’2 (m) ’1 (m) 
Tonset (ºC) 
  -35.2 ± 2.5 
(peak top) 
-33.7 ± 1.2 -10.4 ±1.3 8.2 ± 0.5 9.6 ± 0.3 
H (J/g)   12 ± 2 -18 ± 2 -6 ± 2 14 ± 3 93 ± 4 
        






 (c)  → sub- → ’2 ’2 → ’1 ’2 (m) ’1 (m)  
Tonset (ºC) 
-17.5 ± 0.6 -36.3 ± 0.6 
(peak top) 
-23.0 ± 0.7 -6.0 ± 1.1 7.5 ± 0.8 10.1 ± 0.8  
H (J/g) -45 ± 2 -1 ± 1 -24 ± 2 -12 ± 9 107 ± 9   
        






 '2(c)  ’2 (m) ’1 (c) ’1 (m)   
Tonset (ºC) -12.8 ± 0.9  -1.5 ± 1.2 1.6 ± 1.6 8.0 ± 1.2   
H (J/g) -79 ± 10  3 ± 2 -17 ± 2 99 ± 5   
        
 313 
Not surprisingly,  form was crystallized from the melt at high and intermediate 314 
rates (15 and 2 ºC·min
-1
), whereas a more stable ’2 form was obtained at low 315 
cooling rates (0.5 ºC·min
-1
). Heating resulted in a polymorphic sequence of 316 
increasing stability; however, no KLC phase was detected. 317 
Figures 4a and 4b depict the polymorphic behavior of POL observed when the 318 
molten sample was cooled at 15 ºC·min
-1
 and heated at 15 and 0.5 ºC·min
-1






Fig. 4. Polymorphic behavior of POL. (a) Cooling at 15 ºC·min
-1
 and heating at 15 ºC·min
-1
. A. DSC 323 
thermogram. B. SR-SAXD pattern. C. SR-WAXD pattern. (b) Cooling at 15 ºC·min
-1
 and heating at 0.5 324 
ºC·min
-1
. A. DSC thermogram. B. Conventional XRD patterns. 325 
 326 
When the molten POL sample was cooled at 15 ºC·min
-1
, SR-XRD data indicated 327 
 form crystallization, which occurred at -20.6 ºC, through a SAXD peak at 328 
5.6nm and a WAXD peak at 0.41nm. As depicted in Fig. 4a, shifting to 5.7nm 329 
and 0.42nm resulted in →sub- transformation, corresponding to a DSC peak 330 
top at -41.3 ºC. However, Tonset could not be determined, due to the flatness of the 331 
DSC peak. The opposite polymorphic transformation (sub-→) occurred at -332 
31.8 ºC (peak top) when heating; simultaneously, the SAXD peak at 5.7nm 333 
moved to 5.6nm again, and the WAXD peak moved from 0.42 to 0.41nm. A 334 
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sharp endothermic DSC signal appeared at -16.1 ºC, corresponding to the  335 
melting, and further on, crystallization occurred. Two exothermic peaks (with 336 
Tonset at -12.6 ºC and at -5.6 ºC) appeared; however, only the latest could be 337 
identified. SR-XRD indicated ’1 form through the peaks at 6.4nm (SAXD) and 338 
at 0.47, 0.46, 0.42, 0.41, and 0.40nm (WAXD). Similar to POO, the exothermic 339 
DSC peak with Tonset at -12.6 ºC was probably due to the ’2 crystallization, 340 
which transformed to ’1 form at -5.6 ºC. However, the two processes could not 341 
be distinguished using SR-XRD, as they were so close to each other and the 342 
heating rate used was so high. Finally, ’1 form melted at 8.8 ºC. 343 
Figure 4b depicts the DSC and laboratory-scale XRD results obtained when POL 344 
was cooled at 15 ºC·min
-1
 and heated at 0.5 ºC·min
-1
. Heating at such a low rate 345 
transformed the sub- form obtained during cooling to  form at -35.2 ºC (peak 346 
top temperature, see Table 3A), which soon changed to ’2 form through 347 
exothermic solid-state transformation at -33.7 ºC. ’2 form was identified by its 348 
wide-angle region peaks at 0.42 and 0.38nm, as the laboratory-scale XRD data 349 
indicated. Again, the most stable polymorph of POL (’1) was reached on further 350 
heating, when an exothermic peak, corresponding to the ’2→’1 transition, 351 
appeared at -10.4 ºC in the DSC profile. The XRD peaks at 6.4nm (small-angle) 352 
and 0.47, 0.46, 0.44, 0.42, 0.41, 0.40, and 0.39nm (wide-angle region) indicated 353 
the presence of ’1 form. Finally, two consecutive melting peaks were observed 354 
in the DSC heating curve, corresponding to both melting processes of remaining 355 
’2 (Tonset = 8.2ºC) and ’1 (Tonset = 9.6ºC) forms. Hence, not all the existing ’2 356 
form was transformed to ’1 at -10.4 ºC.  357 
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With intermediate cooling/heating rates (2 ºC·min
-1
), the polymorphic behavior 358 
of POL did not exhibit significant variation. As depicted in Fig. 5,  crystals were 359 
also obtained by cooling the melted sample at 2 ºC·min
-1
, which, according to the 360 
DSC data, transformed to sub- form at -36.3 ºC (Table 3B). This transition was 361 
identified in the SR-XRD pattern by the shift from 5.6 to 5.7nm (SAXD) and 362 
from 0.41 to 0.42 and 0.38nm.  363 
 364 
 365 
Fig. 5. Polymorphic behavior of POL when cooled at 2 ºC·min
-1
 ( crystallization) and heated at 2 366 
ºC·min
-1
. a) DSC thermogram. b) SR-SAXD pattern. c) SR-WAXD patern. 367 
 368 
During heating, although no corresponding DSC peak was observed, sub- 369 
transformed to  form (the SAXD peak at 5.6nm and the WAXD peak at 0.41 370 
appeared again at the expense of  peaks). Soon afterward, a SAXD peak at 371 
6.3nm and two WAXD peaks at 0.42 and 0.38nm appeared at -23.0 ºC, indicating 372 
solid-state transformation from  to ’2 form. Part of this ’2 transformed to ’1 373 
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form at -6.0 ºC, indicated by the SAXD peak at 6.4nm and typical WAXD peaks 374 
at 0.47, 0.46, 0.45, 0.44, 0.42, 0.41, and 0.40nm. Finally, ’2 form melted at 7.5 375 
ºC, and ’1 form melted at 10.1 ºC. Unlike the results obtained with low heating 376 
rates (0.5 ºC·min
-1
) for POL, the two endothermic melting peaks were not 377 
completely separated at 2 ºC·min
-1
, and the melting enthalpy (107 J·g
-1
) had to be 378 
determined as a whole (the sum of the two melting processes). 379 
More stable ’2 crystallization occurred when melted POL was cooled at 0.5 380 
ºC·min
-1
. Figure 6 presents the DSC and SR-XRD data for cooling at 0.5 ºC·min
-1
 381 
and heating at 15 ºC·min
-1
.  382 
 383 
 384 
Fig. 6. Polymorphic behavior of POL when cooled at 0.5 ºC·min
-1
 ('2 crystallization) and heated at 15 385 
ºC·min
-1
. a) DSC thermogram. b) SR-SAXD pattern. c) SR-WAXD pattern. 386 
 387 
’2 form was identified by a triple chain length SAXD peak at 6.4 and two broad 388 





, melt-mediated transformation from ’2 to ’1 form occurred, consisting 390 
of ’2 melting (Tonset at -1.5ºC) and ’1 crystallization at 1.6ºC (Table 3C). During 391 
this transformation, the SAXD peak did not change, whereas WAXD peaks 392 
appeared at 0.47, 0.46, 0.44, 0.42, 0.41, 0.40, and 0.39nm, at the expense of ’2 393 
peaks. The most stable ’1 form melted at 8 ºC. The considerable width of the 394 
endothermic peak may be due to some concurrent ’2 and ’1 melting.  395 
 396 
3.3. Polymorphic Characteristics of 1-stearoyl-2,3-dioleoyl glycerol  397 
 398 
The influence of varying the cooling and heating rates was also analyzed for 1-399 
stearoyl-2,3-dioleoyl glycerol (SOO). Table 4 presents the DSC data of all the 400 
thermal peaks observed.  401 
 402 
Table 4. DSC data of crystallization and transformation of SOO polymorphs obtained by cooling rates of 403 
(A) 15 ºC·min
-1
, (B) 2 ºC·min
-1
, and (C) 0.5 ºC·min
-1
 and different heating rates. The letters, c and m, in 404 
parentheses noting polymorphic forms mean crystallization and melting. 405 
A Cooling Heating 
 (15 ºC·min
-1
) (15 ºC·min-1) 
 (c)  → sub- sub- →   (m) ’2 (c) ’2 →’1 ’1 (m) 
Tonset (ºC) -9.0 ± 0.4 -25.0 ± 0.3 -22.4 ± 0.8 -6.2 ± 0.9 -3.3 ± 0.6 2.7 ± 0.8 19.8 ± 0.5 
H (J/g) -48 ± 1 -1 ± <1 1 ± 1 7 ± 2 -74 ± 16  109 ± 9 
   (0.5 ºC·min
-1
) 
   sub- →  → ’2 ’2 → ’1 ’1 (m)  
   -62.2 ± 1.4 -26.6 ± 0.7 -4.5 ± 0.6 22.0 ± 0.6  
   9 ± 8 -18 ± 4 -3 ± 1 136 ± 18  
        
B Cooling Heating 
 (2 ºC·min
-1
) (2 ºC·min-1) 
 +'2(c)  → sub- KLC→ ’2 ’2 → ’1 ’1 (m)   
Tonset (ºC) 
-5.4 ± 0.3 -21.8 ± 0.6 -18.9 ± 0.9 -2.4 ± 0.4 20.9 ± 0.4   
H (J/g) -49 ± 3 -1 ± <1 -21 ± 1 -15 ± 2 122 ± 4   
        
C Cooling Heating     
 (0.5 ºC·min
-1
) (15 ºC·min-1) 




5.5 ± 1.8  6.5 ± 1.6 21.1 ± 1.0    
H (J/g) -96 ± 4  -15 ± 6 111 ± 10    
        
 406 
 407 
Following the same tendency as POO and POL, metastable  form crystallized at 408 
high cooling rates, while  and ’2 forms crystallized concurrently at intermediate 409 
rates, and ’2 crystals were obtained at low rates. Forms of increasing stability 410 
were reached while heating similar to POO, and a KLC phase was identified in 411 
some experiment conditions. 412 
When cooling SOO at 15 ºC·min
-1
, exothermic crystallization of  form occurred 413 
at -9.0 ºC, and transformation to sub- form occurred at -25.0 ºC. Thus, the 414 
SAXD peak moved from 6.0nm () to 6.2nm (sub-), and the  WAXD peak at 415 
0.41nm changed to the two sub- peaks at 0.42 and 0.38nm. An exothermic peak 416 
was observed at -70 ºC, and an endothermic peak was observed at the beginning 417 
of the heating step at 15 ºC·min
-1
 (at -60 ºC) (Fig. 7a) in the DSC profile. 418 
However, they could not be identified using the SR-XRD patterns, as no changes 419 
were detected in these temperature ranges. On further heating, sub- form 420 
transformed to  form at -22.4 ºC. Immediately afterward, melt-mediated 421 
transformation occurred from  to ’2 form, which consisted of  form melting 422 
(at -6.2 ºC) and subsequent ’2 crystallization (at -3.3 ºC). Simultaneously, SR-423 
XRD peaks became very flat, almost nonexistent, due to the  melting; a triple 424 
chain length SAXD peak at 7.1nm and two broad ’2 WAXD peaks progressively 425 
appeared at 0.43 and 0.40nm, as a result of the ’2 crystallization. Furthermore, 426 
the peak at 7.1nm, observable in the SAXD pattern, moved to 6.9nm; new 427 
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WAXD peaks at 0.45, 0.43, and 0.40nm identified ’2→’1 solid-state 428 




Fig. 7. Polymorphic behavior of SOO. (a) Cooling at 15 ºC·min
-1
 and heating at 15 ºC·min
-1
. A. DSC 433 
thermogram. B. SR-SAXD pattern. C. SR-WAXD pattern. (b) Cooling at 15 ºC·min
-1
 and heating at 0.5 434 
ºC·min
-1
. A. DSC thermogram. B. Conventional XRD patterns. 435 
 436 
Figure 7b depicts the DSC and laboratory-scale XRD data obtained by cooling 437 
SOO at 15 ºC·min
-1
 and heating at 0.5 ºC·min
-1
. Heating the sub- form at such a 438 
low rate resulted in transformation to  form at -62.2 ºC (Table 4A and enlarged 439 
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figure in Fig. 7(b) A). At -26.6 ºC, a →’2 transition was identified by the two 440 
typical broad XRD peaks at 0.43 and 0.40nm in the wide-angle region. Later, 441 
another transformation (from ’2 to ’1 form) occurred at -4.5 ºC. At this point, 442 
’1 XRD peaks appeared at 0.47, 0.45, 0.43, 0.42, 0.41, 0.40, and 0.39nm. This 443 
most stable form finally melted at 22.0 ºC, with a melting enthalpy of 136J·g
-1
. 444 
This high value suggests that, as expected, low heating rates produce higher 445 
amounts of the most stable forms. However, taking into account the low enthalpy 446 
associated with the ’2→’1 transformation (-3 J·g
-1
), one may reasonably assume 447 
that some ’1 form was formed in another step, such as in the →’2 transition. 448 
Therefore, some ’1 form may have formed concurrently with ’2. Analysis of the 449 
XRD patterns indicated that the ’2 diffraction peaks became so broad that they 450 
were probably overlapping some ’1 peaks, which became more defined on 451 
further heating when all SOO was converted into ’1 form. 452 
Intermediate cooling and heating rates (2 ºC·min
-1
) were also applied to SOO 453 





Fig. 8. Polymorphic behavior of SOO when cooled at 2 ºC·min
-1
 ( + ’2 crystallization) and heated at 2 457 
ºC·min
-1
. (a) DSC thermogram. (b) SR-SAXD pattern. (c) SR-WAXD pattern. 458 
 459 
Concurrently,  and ’2 forms crystallized from the melt at -5.4 ºC when the 460 
sample was cooled at 2 ºC·min
-1
. Thus, the SR-SAXD pattern indicated the 461 
presence of a weak peak at 7.1nm (corresponding to ’2 form) and another one at 462 
6.0nm (corresponding to  form). However, the SR-WAXD pattern exhibited the 463 
 peak only at 0.41nm. At -21.8 ºC, the SAXD peak moved to 6.2nm, and the 464 
WAXD peak at 0.41nm split into two peaks at 0.42nm and 0.38nm, due to the 465 
→sub- transformation. Later, when the sub- form was heated at 2 ºC·min
-1
, 466 
diffraction peaks disappeared in the WAXD pattern and a single SAXD peak was 467 
detected at 6.1nm, indicating the KLC phase, similar to POO. Nevertheless, this 468 
phenomenon could not be attributed to any thermal peak of the DSC curve. 469 
Judging from the long spacings, some  form probably formed before the KLC 470 
phase, because a weak SAXD peak at 2.9nm, corresponding to the 002 reflection 471 
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of the  peak at 6.0nm, could be observed. On further heating, the SAXD peak 472 
’2 form appeared at 7.0nm, and WAXD peaks appeared at 0.43 and 0.41nm. The 473 
exothermic DSC peak at -18.9 ºC could be attributed to this KLC→’2 transition. 474 
However, because of the complexity and lack of clarity in the DSC data, 475 
interpretation of these phenomena was based mainly on the SR-XRD results. 476 
According to the DSC data, ’2 form transformed to ’1 form at -2.4 ºC. The SR-477 
XRD then indicated a shift from 7.0nm to 6.9nm; and new WAXD peaks 478 
appeared at 0.47, 0.45, 0.43, 0.41, 0.40, and 0.39nm. Soon after ’1 formed, it 479 
melted at 20.9 ºC. 480 
Simpler polymorphic behavior was verified by cooling molten SOO at 0.5 481 
ºC·min
-1
 and heating it at 15 ºC·min
-1




Fig. 9. Polymorphic behavior of SOO when cooled at 0.5 ºC·min
-1
 ('2 crystallization) and heated at 15 486 
ºC·min
-1




At this low cooling rate, ’2 crystals were obtained from the melt at 5.5 ºC (Table 489 
4C), as confirmed by the SR-XRD data, with a SAXD peak at 7.1nm, and two 490 
WAXD peaks at 0.43 and 0.41nm. When heating, the DSC curve exhibited an 491 
exothermic phenomenon at 6.5 ºC, corresponding to the ’2→’1 transformation. 492 
SR-XRD data enabled us to identify the ’1 form through the diffraction peaks at 493 
6.9nm (SAXD pattern), and at 0.45, 0.43, 0.41, 0.40, and 0.39nm. According to 494 






4. Discussion 501 
 502 
4.1. Polymorphic behavior of POO, POL, and SOO 503 
 504 
The three SUU TAGs described in this work exhibited very similar polymorphic 505 
crystallization and transformation pathways when different cooling and heating 506 
rates were applied.  507 
Figure 10 depicts some schematic diagrams of the polymorphic pathways 508 





Fig. 10. Diagrams of polymorphic pathways of POO, POL and SOO under different cooling and heating 512 
conditions. 513 
 514 
The polymorphic behavior of POO, POL, and SOO when samples were cooled 515 
and heated at 15ºC·min
-1
 was the same in all three cases:  crystals were directly 516 
obtained from the melt, and they transformed to sub- form on further cooling. 517 
Upon heating, the sequence of polymorphic transformation was sub-518 
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→→liquid→’2→’1→liquid. However, when sub- crystals were heated at 519 
low rates (0.5ºC·min
-1
), complex DSC curves were obtained in all cases, with the 520 
general pattern of sub-→→’2→’1→liquid. In this sequence of polymorphic 521 
transformation, a KLC phase was detected between  and ’2 forms in POO, but 522 
not for POL or SOO. In general terms, the difference between the pathways 523 
observed using high and low heating rates lies in the nature of the →’2 524 
transformation: melt-mediation at 15ºC·min
-1 
and solid-state at 0.5ºC·min
-1
. 525 
These results were quite similar to those observed in 1,3-dipalmitoyl-2-oleoyl 526 
glycerol (POP),
13




At intermediate cooling/heating rates (both 2ºC·min
-1
), the results obtained for 529 
POO and POL were the same as those of cooling at 15ºC·min
-1
 and heating at 530 
0.5ºC·min
-1
. In contrast,  and ’2 forms crystallized concurrently in SOO, 531 
instead of only  form. Heating of these polymorphic forms at 2ºC·min
-1
 resulted 532 
in the sequence of sub-→()→KLC→’2→’1→liquid. We specified  form in 533 
parentheses, as some  form ( 002 peak at 2.9nm) may have occurred for a short 534 
time before the KLC phase. Here, we should point out the formation of the KLC 535 
phase when POO was cooled at 15ºC·min
-1
 and heated at 0.5ºC·min
-1
, and cooled 536 
and heated at 2ºC·min
-1
. For SOO, the KLC phase was observed only when it was 537 
cooled and heated at 2ºC·min
-1
, not when it was cooled at 15ºC·min
-1
 and heated 538 
at 0.5ºC·min
-1
.  539 
Finally, the three samples were subjected to a low cooling rate (0.5ºC·min
-1
) and 540 
a high heating rate (15ºC·min
-1
). As expected, more stable forms than  541 
crystallized from the melt, not following the Ostwald step rule of stages:
32
 ’2 542 
form in POL and SOO, and concurrent ’2+’1 forms in POO. With high heating 543 
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rates, ’2 form transformed to ’1, which finally melted. However, the nature of 544 
this polymorphic transformation differed for the three TAGs: it occurred through 545 
melt-mediation in POL and through solid-state in SOO. For POO, no clear 546 
transformation appeared in the DSC heating curve.  547 
 548 
4.2. Comparison of POO, POL, SOO, OPO, POP, OOO, and OOL 549 
polymorphisms 550 
 551 




 OOO, and 552 
OOL,
14
 the present study demonstrated the following crystallization and 553 
transformation properties, which are strongly related to the thermal treatments 554 
applied: 555 
(1) Four polymorphic forms (sub-, , ’2, and ’1) were isolated in POO, 556 
POL, and SOO. Furthermore, KLC phases were observed in POO and 557 
SOO. 558 
(2) More stable polymorphs were directly obtained from the melt, not 559 
following the Ostwald step rule of stages
32
, by decreasing the cooling 560 
rates, whereas less stable forms predominated at high cooling rates. 561 
(3) Higher amounts of the most stable form (’1) were obtained by decreasing 562 
the heating rate. Also, with low heating rates, solid-state transformations 563 
occurred more easily at the expense of melt-mediated transformations. 564 
These properties were also observed for OPO, POP, OOO, and OOL using DSC 565 
and SR-XRD when different thermal treatments were applied. Table 5 566 
summarizes the crystallization and transformation pathways of POP, OPO, POO, 567 
POL, SOO, OOO, and OOL at different cooling and heating rates. 568 
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Table 5. Crystallization and transformation pathways of POP, OPO, POO, POL, SOO, OOO and OOL at different cooling and heating rates, in which mm and ss mean melt- 569 




 For simplicity, ’ and ’ or and are summarized into ’ or, respectively.  572 
b




  POP OPO POO POL SOO OOO OOL 
Polymorphs  --’---  -’--
sub--2, -2, KLC,   
’-3 
sub--2, -2, ’-3 





rapid       



































Regarding polymorphic crystallization by changing the cooling rates, multiple 577 
polymorphic forms involving the most stable  form were obtained with the 578 
unsaturated-saturated-unsaturated OPO, demonstrating complex concurrent 579 
crystallization in most cases. For triunsaturated OOO and OOL, and saturated-580 
unsaturated-unsaturated POO, POL, and SOO (present work),  was crystallized 581 
with rapid cooling, whereas ’ was obtained with slow cooling. However, for the 582 
saturated-unsaturated-saturated POP, it was difficult to obtain stable forms such 583 
as ’ and  even when the cooling rate was lowered to 0.5 ºC·min
-1
.   584 
When the heating rate was varied changed, more stable polymorphic forms (e.g., 585 
’ and ) were obtained either through solid-state or melt-mediation for OPO, 586 
OOO, OOL, POO, POL, and SOO even at a high rate (15 ºC·min
-1
). However, it 587 
was necessary to decrease the heating rates to 2 to 0.1 ºC·min
-1
 to obtain the most 588 
stable  form for POP. Thus, we may conclude that similar polymorphic 589 
crystallization and transformation characteristics were obtained in OPO, OOO, 590 
OOL, POO, POL, and SOO; however, POP differed in the difficulty of obtaining 591 
the most stable  form. 592 
The present study has also proposed a new transformation pathway through the 593 
occurrence of KLC phases in POO and SOO (both SUU TAGs) when 594 
intermediate (2 ºC·min
-1
) and/or low (0.5 ºC·min
-1
) heating rates were used. 595 
Thus, lamellar structures having lamellar distances of 6.0nm were identified in 596 
POO and those having that of 6.7nm were identified in SOO, with no definite 597 
periodicity in lateral packing. This result indicates that, according to Ueno et 598 
al.,
3129
 both KLC phases may correspond to smectic liquid crystals. This is the 599 
first work reporting KLC phases for POO and SOO. However, no KLC phases 600 
were detected for the other TAGs examined under any cooling/heating 601 
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conditions. The two KLC phases occurred in the sequence -2→KLC→’-3. 602 
Ueno et al.
3129
 determined two different LC phases (LC1 and LC2) for SOS using 603 
SR-XRD. However, they did not monitor the cooling and heating rates, as the 604 
thermal treatments used consisted of controlled temperature jumps and annealing 605 
steps. Similar to the results obtained in our work, Ueno et al. confirmed LC1 606 
formation for SOS during the melt-mediation of  to obtain ’ crystals. However, 607 
with a jump to a higher temperature, they observed a new type of liquid crystal 608 
(LC2) during the intermediate period after the  melting and before the 609 
occurrence of  and ’. For SOS and our case study (POO and SOO), LC phases 610 
became transitory states between a double-chain-length structure ( form) and a 611 
triple-chain-length structure (’ form), which could be monitored using SR-XRD. 612 
In other words, KLC phases may be needed for the mentioned TAGs to transform 613 
from a 2L () to a 3L (’) structure with the experiment conditions used. 614 
However, this transitory KLC phase was not necessary for other 2L→3L 615 
transformations, as confirmed in previous work on POP and OPO. 616 
Our experiment results indicated that quick heating (15 ºC·min
-1
) of  crystals 617 
results in melt-mediated transformation of SOO to obtain ’2 form 618 
(→liquid→’2) (Fig. 10). As expected, with a low heating rate (0.5 ºC·min
-1
), 619 
this transformation occurred in the solid state (→’2). However, with an 620 
intermediate heating rate (2 ºC·min
-1
), and similar to the work described by Ueno 621 
et al.,
3129
 a KLC phase occurred between  and ’2. Melt-mediated transformation 622 
from  to ’2 was also detected when  POO crystals were heated at 15 ºC·min
-1
, 623 
and an intermediate KLC phase occurred between these two polymorphic forms 624 
when heating at 2 ºC·min
-1
 and 0.5 ºC·min
-1




a lower heating rate (less than 0.5 ºC·min
-1
) for POO to observe →’2 solid-state 626 
transformation. No KLC phase appeared for POL in any of the experiment 627 
conditions. With heating at 15 ºC·min
-1
, melt-mediation occurred from  to ’2, 628 
whereas this transformation took place in the solid state when heated at 2 and 0.5 629 
ºC·min
-1
. Thus, the transient KLC phase may be observed using an intermediate 630 
heating rate (15 to 2 ºC·min
-1
). In all cases, KLC phases were detected only when 631 
using SR-XRD, not laboratory-scale XRD. However, KLC phases were 632 
observable within wide temperature ranges during heating; thus, we assume that 633 
laboratory-scale XRD may also be capable of detecting them.  634 
 635 
4.3. Thermodynamic properties of polymorphic transformations of POO, 636 
POL, and SOO compared to OPO, POP, OOO, and OOL 637 
 638 
As discussed in our previous work,
13
 these results may be interpreted considering 639 
the activation energies of solid-state and melt-mediated transformations from a 640 





Fig. 11. Activation free energy (G
#
) for solid-state transformation, transformation through KLC phase, 644 
and melt-mediated transformation from metastable A to more stable B forms. 645 
 646 
Transformation rates are determined by the magnitude of the activation free 647 
energies (G
#
) involved in each process. In solid-state transformation from form 648 
A to form B, Gss
#
 may include excess energy to enable structural changes, such 649 
as changes in the subcell structure and chain length structure. However, in melt-650 
mediated transformation, the rate may be determined by the magnitude of Gm
#
 651 
(melting of form A) and the subsequent crystallization (Gc
#
) of form B. 652 
However, the actual rate may be determined by Gc
#
 due to the ease of melting 653 
and the low values of Gm
#
.  654 
One may simply assume that the Gss
#
 values for transformation involving 655 
change from loosely packed subcell structures (e.g., hexagonal subcell of  form) 656 
to more closely packed subcell structures of O┴ (’) and T// () are larger than 657 
those involving change from O┴ (’) to T// (). Also, Gss
#
 values may be lower 658 
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for transformation between polymorphs having the same double-chain-length 659 
structures (e.g., →’ in OPO and →’ in OOO and OOL) than for changes 660 
from double- to triple-chain-length structures (e.g., → ’ in POO, SOO, and 661 
POL; → and ’→ in POP) (Fig. 12). The same assumption may apply to 662 
crystallization, in that the Gc
#
 values of polymorphs having tightly packed 663 
subcell and triple-chain-length structures (e.g.,  form of OPO or POP) may 664 
exceed those of others. 665 
 666 
 667 
Fig. 12. Structure models of POP, OPO, POO, SOO, POL, OOO and OOL. For simplicity, multiple ’ 668 




As depicted in Fig. 11, KLC formation was observed at intermediate heating rates 671 
between solid-state and melt-mediated transformation, so that the G
#
 value 672 
involved in transformation through the KLC phase may be lower than that of 673 
solid-state transformation but higher than that of melt-mediation. KLC phase was 674 
kinetically detected as a transient state between less stable form A and more 675 
stable form B, so that, as illustrated in Figure 11, its melting temperature may be 676 
higher than that of A but lower than that of B. According to Figure 11, we 677 
considered that the transformation from A to KLC phase occurred at a 678 
temperature below Tm(A), as no clear subsequent crystallization phenomena was 679 
determined from SR-XRD data. However, one may consider that KLC phase was 680 
observed within wide temperature range in all cases.  681 
POP exhibited a peculiar polymorphic behavior compared to that of the other 682 
TAGs examined: even during slow heating, solid-state transformation occurred 683 
with more difficulty. This difference may be due to the fact that POP contains 684 
more saturated fatty acid moieties (palmitic acid) whose transformation from less 685 
stable to more stable forms may need larger activation energy (Gss
#
) than TAGs 686 
containing more unsaturated fatty acid moieties. The flexibility of the chain 687 
packing of unsaturated acids is more enhanced than that of saturated fatty acids,
33
 688 
which may decrease the value of Gss
#
 for transformation into more stable forms 689 
in more unsaturated TAGs. This may also apply to the difficulty for POP to 690 
obtain stable polymorphic forms from the melt, even with low cooling rates. 691 
The SUU TAGs analyzed in this study also exhibited a particular behavior due to 692 
intermediate KLC phases, which were not detected in POP, OPO, OOO, or OOL 693 
using the same experiment conditions. These KLC phases occurred within →’2 694 
transformation, which involves rearrangement from a double-chain-length 695 
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structure () to a triple-chain-length structure (’2). The KLC phases in these 696 
SUU TAGs may be due to some lateral disorder caused by a mismatch in 697 
molecule packing, which may be more important in asymmetric TAGs than in 698 
symmetric TAGs.
15
 Baker et al. found that, when comparing the polymorphic 699 
behavior of symmetric OSO and asymmetric SOO, the lateral disorder, probably 700 
generated by local defects in the packing of the molecules, may be amplified by 701 
the asymmetrical position of the two flexible non-oriented unsaturated chains. 702 
 703 
5. Conclusions 704 
 705 
The application of dynamic thermal treatments is closely related to actual 706 
crystallization processes of edible fats. This study examined the occurrence and 707 
transformation pathways of polymorphic forms of POO, POL, and SOO as a 708 
function of cooling and heating rate variations. The results obtained were 709 
compared to those of previous studies on other TAGs (OPO, POP, OOO, and 710 
OOL) and were discussed in terms of activation free energy and molecular 711 
structure. A peculiar polymorphic behavior was observed in POO, POL, and 712 
SOO, which exhibited KLC phase formation as a transient state in transformation 713 
from polymorphic forms having a double-chain-length structure to polymorphs 714 
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The use of dynamic thermal treatments on the polymorphic crystallization and transformation of POO, POL and SOO 
is closely related to actual crystallization processes of edible fats, as the occurrence of designed polymorphic forms 
may be controlled by tailoring the most efficient temperature programs. 
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